Purpose: RNA sequencing (RNA-seq) has recently proved to be effective for revealing novel virus-tumor associations. To get a thorough investigation of virus-glioma associations, we screened viruses in gliomas with RNA-seq data from the Chinese Glioma Genome Atlas project.
Introduction
Glioma is the most common primary malignant brain tumor with no confirmative causes. Several human viruses have been found to be involved in tumorigenesis in about 10% to 15% of human cancers (1) , such as Epstein-Barr virus (EBV), hepatitis B virus (HBV), and human papillomavirus (HPV), causing nasopharyngeal carcinoma, hepatocellular carcinoma, and cervical cancers, respectively. Detection of expression of cytomegalovirus (CMV) in glioma has been widely reported and may be implicated in glioma genesis and speed the development or progression of glioblastomas (2, 3, 4, 5, 6) , raising plenty of controversies (7, 8, 9) . Different methods have been tried to uncover the existence of virus in cancers, ranging from detecting virus protein products with IHC to detecting virus nuclear acids with in situ hybridization (ISH).
Low-throughput methods show un-neglectable limitations when massively detecting numerous viruses in tissues are required. Previous studies about virus-tumor association are mostly based on low-throughput methodologies. Huge progress has been made in deciphering genomic code of biological creatures, enabling us to screen genomic components of viruses in tumors at genomic (8) and transcriptomic level (10) . Massively parallel sequencing has been proved to be a promising method for efficiently detecting viruses in tumors.
In this study, RNA sequencing (RNA-seq) data generated within the Chinese Glioma Genome Atlas project (CGGA), encompassing 325 glioma samples, were used to validate this methodology. Genome sequences of viruses were downloaded from NCBI as reference genomes. Unmapped reads to human genome were used to virus genomes mapping, screening for potential elements of viruses.
Materials and Methods

Samples and RNA-seq
RNA-seq data of 325 samples were obtained from the CGGA network. Clinical specimen collection and data generating process were described in our previous article (11) . Written informed consents were obtained from all the patients, and this study was approved by the Ethics Committee of Capital Medical University, Beijing, China.
VPKM generating process
Reads were first mapped to the human genome (RNA sequences, GRCh37, hg19), which was downloaded from the UCSC Genome Browser (http://genome.ucsc.edu) using TopHat (12) with -no-mixed parameter. Unaligned (nonhuman) reads were extracted using the bamtofastq from BedTools (13) with the default parameters. Next, unmapped sequences were aligned to the NCBI collection of viral genomes (N ¼ 6,402), downloaded on July 22, 2015, using TopHat with default paired-end parameters. Then, we obtained reliable alignments using SAMtools (14) by setting a threshold on mapping quality (Àbq 1). To quantify the expression of transcripts derived from virus in different individuals, we defined VPKM, which was calculated according to mapped reads weighted by viral genome sizes and sequencing depth:
Here, n, L, sum1, and sum2 denote the number of mapped reads, the length of the viral genome, the number of reads mapped to the human genome in the individual, and the number of reads mapped to the all viral genome in the individual, respectively. The L is used to adjust the expression with viral genome length. The sum1 was used to adjust the expression according to the whole sequencing depth, and the sum2 was used to adjust the expression according to the sequencing depth influenced by the viral genomes. The reads number will be counted twice if the reads can be aligned to more than one different viral genomes, but the reads will be counted once if the reads can be aligned to different locations in one viral genome.
IDH mutation detection
Among 325 samples, IDH1/2 mutation status of 300 samples was determined by pyrosequencing as described in our previous study (15) , whereas for the other 25 samples, IDH mutation status was called from RNA-seq data, which showed a satisfying concordance with IDH status called from DNA samples (Spearman correlation, R ¼ 0.8935, P < 2.2eÀ16).
TCGA subtype annotation
For The Cancer Genome Atlas (TCGA) subtype annotation, the samples were classified according to the proneuralneural-classical-mesenchymal classes using the signatures published and single-sample gene set enrichment analysis algorithm (16) .
Detection of SV40 and WMSV with PCR
RNA of available frozen samples was isolated using the RNAprep Pure Tissue Kit (Tiangen Biotech) followed by reverse transcription to cDNA (RevertAid RT Kit, Thermo Fisher Scientific) according to the manufacturer's instructions. Primers for SV40 (forward: 5 0 -GGGTCTTCTACCTTTCTCTTCTTT-3 0 , reverse: 5 0 -GCAGTGGTGGAATGCCTTT-3 0 ) and for WMSV (forward:
0 ) were used to clone the expression of these two viruses.
Statistical analysis
Fisher exact test was performed with R language. Survival analysis was performed using survival package of R, and log-rank test was applied to detect the difference of survival time. Graphical works were achieved by R language with a range of publicly available packages. Gene functions were annotated by DAVID online (https://david.ncifcrf.gov/). A P value less than 0.05 was considered to be significant.
Results
Viruses concertedly expressed in certain individuals
To get a landscape of virus expression, VPKM value, representing abundance of viruses, was calculated for each sample. A total of 374 viruses were detected to be positive in at least one sample, with most viruses only detected in a very small number of individuals (Fig. 1A) . On the other hand, we noted that one virus was detected in almost all the samples (293/325, 90.2%), human endogenous retrovirus K113 (HERV-K113), which has been known for many years (17, 18, 19) . Although many human endogenous retroviruses have been reported to potentially induce cancers (20) , very few evidence emerged to support this kind of capability of HERV-K113. Moreover, we failed to find any influence that HERV-K113 might exert on patient's survival ( Supplementary Fig. S1 ). As 325 samples contained World Health Organization (WHO) grades 2, 3, and 4 gliomas, we asked the distribution of viruses across histopathologic grades with top 10% (33/325, Supplementary Table S1) positively infected viruses. To our surprise, viruses seemed to concertedly express in certain individuals (Fig. 1B) . This was the same case when we tested the distribution of viruses across glioma expression subtypes ( Supplementary  Fig. S2A ). To further validate what we found, unsupervised clustering analysis was performed. As shown in Fig. 1C , two groups of patients were identified, with few individuals
Translational Relevance
In this study, high-throughput RNA sequencing data were used to screen for viruses that may be involved in tumorigenesis of glioma. As a result, Simian virus 40 and woolly monkey sarcoma virus were revealed to be independent prognosticators for lower-grade glioma. Moreover, gene ontology analysis revealed that these two viruses were potentially oncogenic in lower-grade glioma. Thus, these two viruses can be regarded as biomarkers for lower-grade glioma in clinical practice. Furthermore, the oncogenic property of these two markers raised the possibility of using antivirus drugs for glioma treatment in the future.
infected with viruses in one group, and most of patients got infected with a number of viruses in the other. These two groups were designated as low-infection group or highinfection group according to the infection status, respectively. This result indicated that immune status of patients might account for the huge difference of virus infection among individuals. We compared mutation status of IDH, which is the most common mutation in glioma, but failed to find significant correlation between the two groups (c 2 test, P ¼ 0.0888). Different gene expression and gene ontology analysis showed that low virus infection-related genes were more involved in differentiated biological processes such as chemical synaptic transmission and learning, while high virus infection-related genes were more associated with DNA repair and extracellular matrix organization, although no statistical significance was observed after Bonferroni correction (Supplementary Fig. S3 ). Moreover, we compared the clinical outcome of the two groups, but no significant difference was revealed ( Supplementary Fig. S2B ).
Differently expressed viruses across WHO grade and subtypes
To our knowledge, different grades or subtypes of glioma may have different origins. Virus infection can be one of the potential causes for different gliomas. In this analysis, we first investigated the differently expressed viruses across different WHO grade or subtypes with Fisher exact test. Infection of virus was dichotomized as positive or negative based on whether virus genomederived reads were detected or not. As a result, we found 61 and 25 differently infected viruses across WHO grade and expression subtypes, respectively ( Fig. 2; Supplementary Table S2 ).
Identification of clinically relevant viruses in lower-grade glioma
Survival analysis was performed separately in lower-grade gliomas and glioblastomas. SV40 was one of the viruses that differently expressed across WHO grades according to Fisher exact analysis. A larger proportion of lower-grade gliomas, proneural gliomas as well as IDH wild-type tumors were SV40 positive (Fig. 3A-D) . Previous studies showed that SV40 demonstrated oncogenic property in the central nervous system (21, 22, 23) . Kaplan-Meier analysis indicated that in lower-grade gliomas, SV40 seemed to be a negative prognosticator. Patients who were infected with SV40 in their tumors suffered relatively shorter survival than those who were not infected, although the P value was not significant (Fig. 4A) .
In Kaplan-Meier analysis of 181 lower-grade gliomas, WMSV was the only virus that showed a significantly prognostic value for To further validate the prognostic value of SV40 and WMSV for patients with lower-grade gliomas, multivariate analysis by Cox proportional hazards model was performed with survival package of R, taking vital clinical and molecular factors into account. As shown in Table 1 , after being adjusted by WHO grade, IDH mutation status, radiotherapy, and chemotherapy, both SV40 and WMSV remained to be independent prognostic factors for patients with lower-grade gliomas (P ¼ 0.0019 and 0.032, respectively). This raised the possibility of potential impacts that SV40 and WMSV might exert on glioma malignancy. PCR was performed to validate the expression of positive samples of which frozen samples were available. For validation of SV40, 11 positive samples in RNA-seq were available, and two negative samples of RNA-seq were used as negative control (Supplementary Fig. S4A ). For validation of WMSV, only eight positive samples were available ( Supplementary Fig. S4B ), and two negative samples were used as control as well. Because of low abundance of these two viruses, we performed PCR at 50 circles to improve the detectable rate. As a result, we found the expression of virus mRNA of most samples was in concordance with RNA-seq except for the two negative samples in WMSV validation, which also showed minimal expression of WMSV but at much lower abundance than positive samples (Supplementary Fig. S4 ).
In glioblastoma, survival analysis was performed for each virus individually. A couple of viruses seemed to be prognostic in the GMB cohort, but most of them turned out to be phages, or too few positive samples to be acknowledged as statistically significant (Supplementary Fig. S5 ).
Function annotation of SV40 and WMSV
To further investigate the potential impact that SV40 and WMSV might exert on glioma, we compared the expression difference and calculated fold change with VPKM value between positive and negative samples. Genes with a P value of Student t test <0.05 and fold change >2 were considered to be statistically significant. Significantly altered genes of SV40 and WMSV were shown in volcano plots, respectively ( Fig. 5A and B) . Moreover, when taking expression level into account, Spearman correlation analysis was performed between virus expression and human gene expression profile, screening for significantly altered genes. Top 400 correlated genes, including 200 positively related and 200 negatively related with SV40 or WMSV, were enrolled for further analysis. Genes with 0 expression in more Table S3 ). Gene ontology annotation was analyzed with DAVID online tools (https://david.ncifcrf.gov/summary.jsp). For SV40, positively related genes turned to focus on regulation of transcription. Negatively related genes with SV40 mostly focused on activities of differentiated cells, such as generation of precursor metabolites and energy and ATP synthesis-coupled electron transport (Fig.  5C, Supplementary Fig. S6A ). For WMSV, cell circle and mitosis dominated the most positively related terms, while the negatively related processes were mainly involved in biological processes of highly differentiated cells, such as neuron development and cell morphogenesis involved in differentiation (Fig. 5D , Supplementary Fig. S6B ).
Virus infection in paired samples
Paired samples of seven patients (samples from primary lesion and reoperated after tumor recurrence) were available, which allowed us to infer the relationship between viral infection and glioma progression. This might convey some information about the oncogenesis effect or promotion of progression effect of a certain virus. In the seven pairs of samples, most viruses were found to be private to primary tumors or recurrent counterparts, except for one pair (Fig. 6A) . When comparing the number of viruses that revealed to be positive in the paired sample, we failed to find a statistically significant difference between primary tumors and recurrent tumors (Student t test for paired samples, P ¼ 0.7314). Only three viruses were identified to be positive in more than three pairs (Fig. 6B) : HERV-K113, Ball python nidovirus strain 07À53 and Pestivirus Giraffe-1, none of which was reported to be oncogenic. This result indicated that viruses were not likely to promote recurrent or malignant progression of glioma, but the results need further validation in a larger dataset.
CMV infection in glioma
Detection of expression of CMV in glioma has been widely reported and may be implicated in glioma genesis and speed the development or progression of glioblastomas, raising plenty of controversies (2, 24) . Different methods have been tried to uncover the existence of virus in cancers (such as IHC and ISH). In our current cohort, only 11 samples were detected to be infected with CMV, most of which were detected at a relatively low abundance (ranging from 1 read to 69 reads). Most CMVpositive samples (8/11) were glioblastoma ( Supplementary  Fig. S7A ). Moreover, no significant difference was observed in survival analysis between patients who were infected with CMV and those were not in glioblastoma (Supplementary Fig. S7B ). This finding further diminished the possibility of carcinogenic capability of CMV.
Discussion
Glioma is the most lethal primary brain tumor. Some viruses were reported to be potentially carcinogenic in many malignant tumors, such as EBV, HBV, and HPV, etc. With RNA-seq profiling data of 325 samples, we aligned reads that were unmapped to human genome to viruses' genomes, looking for clues of virus infection in glioma.
Only a handful of viruses were detected to be expressed in more than half of the cohort. Taking the top 10% most infected viruses (33 viruses) into account, unsupervised clustering analysis was performed. Surprisingly, we observed that patients who were infected with viruses tended to be classified into one group regardless of WHO grade and expression subtypes. Thus, viruses concertedly expressed in one subset of the cohort. This encouraged us to consider basic health status of the patients, which may lead to different clinical outcomes. However, survival analysis demonstrated no significant difference between low-infection group and high-infection group. Immune status emerged to be one of the possible reasons yet to be explored.
SV40 was detected to be differently expressed across WHO grades and expression subtypes. Previous studies showed that SV40 demonstrated oncogenic property in the central nervous system (21, 22, 23, 25) , urging us to explore its clinical influence on patients. Kaplan-Meier analysis showed that patients infected with SV40 were prone to suffer shorter survival, although the P value was not significant. However, when Cox proportional hazards model was applied, taking multiple clinical and molecular factors into analysis, both SV40 and WMSV showed independent prognostic value for lower-grade gliomas ( Table 1) . The discrepancy about SV40 between Kaplan-Meier analysis and Cox proportional hazards model may be accounted for by sample volume and relatively short follow-up for lower-grade glioma.
About the function annotation of SV40, only regulation of transcription was identified as the most relevant biological process. No robust GO terms were identified for SV40. Thus, SV40 may serve as a prognosticator for lower-grade glioma. For WMSV, cell circle and mitosis-related terms were identified to be positively related to WMSV infection. This finding raised the possibility that WMSV may be involved in the malignant process of lower-grade glioma.
Seven paired samples showed that no robust viruses were identified as candidates to promote recurrence or progression of glioma, but in this study, only very limited samples were analyzed. More paired samples are needed for exploring the contribution of viruses in progression or recurrence of lower-grade glioma.
Detection of CMV in glioma has been controversial for many years, giving rise to a hot debate in its existence and biological impacts on glioma (2, 4, 24, 26) . Some therapies have even been proposed on the basis of CMV infection in glioma and may provide a new way to treat individuals with glioma (27, 28) . In this study, only 11 samples were detected to be infected with CMV, and in most samples, CMVs were detected at a relatively low abundance. These results showed high concordance with previous studies that detected CMV with next-generation sequencing data of glioma (10) , instead of studies with ISH, IHC (3), or qPCR (5). This result indicated that CMV expression was relatively low to detect with RNA-seq, but was high enough for qPCR or ISH detection. Meanwhile, more efforts are needed to explore the biological function of viruses that express at such a low abundance.
Tang and colleagues (10) quantified viral mRNA expression by computing the fraction of viral reads (FVR), presented as parts per million (ppm) of total library size. Only viruses with FVR (viral expression) >2 ppm were regarded as positive. In another study performed by Khoury and colleagues (26) , the expression level of each viral transcript was quantified by the normalized depth of coverage within each viral transcript. The cutoff of viral gene expression detection was determined by profiling the distribution of viral gene expression levels across multiple cancer-associated viruses. Any viral expression level below the cutoff was treated as no expression. Both studies used data from TCGA project. They have done a great job in detecting viral expression and host gene fusion in human cancer. Both studies treated low expression of virus as negative. As we all know, for detecting low-abundance mRNAs, RNA-seq is not as good as PCR or qPCR. We do not think it is appropriate to neglect viruses with low-abundance in RNAseq, because low abundance does not necessarily mean that these viruses exert little influence on the process of development and progression of glioma. In the current analysis, we included the viruses even with extreme low abundance. Correlation analysis and survival analysis indicated that SV40 and WMSV were associated with malignant biological process and worse survival.
Taken together, through RNA-seq profiling data of 325 samples from CGGA, we reestablished the landscape of virus infection in glioma. Two viruses, SV40 and WMSV, were revealed to be correlated with the clinical outcome of lower-grade glioma patients and showed significant biological functions of promoting malignancy, especially for WMSV. CMVs were detected at a very low abundance in RNA-seq data and showed no clinical relevance with the survival of glioblastoma patients.
